Abstract: Photonic modulators are one of the most important elements of integrated photonics. We have designed, fabricated, and characterized a tunable photonic modulator consisting of two 180 • -dephased output waveguide channels, driven by a surface acoustic wave in the GHz frequency range built on (Al,Ga)As. Odd multiples of the fundamental driven frequency are enabled by adjusting the applied acoustic power. A good agreement between theory and experimental results is achieved. The device can be used as a building block for more complex integrated functionalities and can be implemented in several material platforms.
Introduction
Integrated photonics aims at controlling and manipulating photons within small dimensions. For that purpose, it is of paramount importance to search for devices that are at the same time fast, compact, efficient, low-cost, externally controlled, and compatible with nowadays integration technology. An interesting approach exploits non-linear optical effects for all-optical control. In this way, very fast devices are obtained with the drawback of very long interaction paths to compensate the usually very weak non-linearities [1] . Alternatively, thermo-optical effects allow the fabrication of smaller devices at the expense of longer time responses [2] . A further option employs electric fields in order to control the response of photonic devices by means of the electro-optic effect [3] [4] [5] , leading to devices that are simultaneously fast and compact with the disadvantage of requiring the individual addressing of the regions to be tuned, which can become too difficult for complex architectures. A promising approach consists of using a surface acoustic wave (SAW) beam to modulate multiple ridge or slot waveguides (WGs) through the acousto-optical effect [6, 7] . This method presents an excellent compromise between speed and size and, even more important, allows the addressing of multiple devices using a single SAW due to its very large phase coherence [8] [9] [10] [11] . Recently, SAWs have also been used to dynamically control planar nanocavities in photonic crystal membranes [12] . In addition, this technology can be employed in virtually any material platform with processing steps easily implemented in any modest cleanroom. For certain applications, the dynamic nature of the SAW requires the synchronization of the optical pulses with the SAW phase.
In this work, we have designed, fabricated, and characterized a tunable photonic modulator consisting of two 180 • -dephased output WG channels driven by a SAW that can be used as a basic building block for more complex integrated photonic systems such as multiple WG modulators or tunable arrayed waveguide grating devices [11] . Although, we have implemented the concept in an (Al,Ga)As platform, it can be extended for other material platforms such as LiNbO 3 [13] , (In,Ga)P [14] , or Silicon [15] . Figure 1 shows an overview of the structure we have exploited. The device follows a wellknown regular Mach-Zehnder Interferometer (MZI) structure, built upon multimode interference (MMI) couplers. The first coupler is a balanced (50:50) splitting ratio MMI that separates the incoming light in identical beams delivered to two output ports. These WGs are modulated by a SAW beam propagating perpendicularly to them (MWG 1 and MWG 2 , cf. Fig. 1 ). The MWGs feed a second MMI that combines the input light into 2 output waveguides (OWG 1 and OWG 2 ) with distribution power depending on the intensity and phase of the light leaving the MWGs. The design of the combiner MMI is such that when both MWGs deliver light of equal intensity and phase, the intensity in the OWGs becomes also the same. This feature is granted in the absence of SAW by the splitter MMI. By introducing a phase difference between the MWGs (ΔΦ = δ Φ MWG 1 − δ Φ MWG 2 ), the output power can be fully directed to OWG 1 (when ΔΦ = +kπ, for k = 1, 2, 3 . . .) or to OWG 2 (when ΔΦ = −kπ, for k = 1, 2, 3 . . .). ΔΦ is obtained by the SAW modulation via the acousto-optical effect. A crucial aspect of the design is that the spatial separation between the WGs in the active region should be set to (2m + 1)λ SAW /2, where λ SAW is the surface acoustic wavelength, and m is an integer [7] . The MWGs are placed at the appropriate separation by means of large radius S-bend WGs. This ensures that each of the two MWGs suffers changes in the effective refractive index of equal magnitude but opposite phases, thus maximizing the overall acousto-optical effect. Therefore the magnitude of the phase difference introduced by the SAW for each one of the MWGs in the active region can be written according to:
Device concept
with
that depends on the materials elasto-optical properties as well as on the overlap between the optical and acoustic fields in the MWG. P IDT is the nominal radio-frequency (RF) power applied to the interdigital transducer (IDT), n 0 eff is the unperturbed effective refractive index, δ n eff is the amplitude of the SAW modulation in the effective refractive index, and ω SAW is the SAW angular frequency. Finally, the signal is positive for i = 1 and negative for i = 2. In contrast to previously realized modulators [7] [8] [9] where part of the light transmission is lost due to destructive interference, in our approach, at any given time, the light only switches paths, avoiding losses and granting the 180 • -dephasing synchronization of the OWGs.
Design and simulation
In order to optimize the response of the devices, we have simulated their performance using the beam propagation method implemented via the RSoft package. The operational optical wavelength was chosen to be of approximately 900 nm, which falls within our fast detector sensitivity range. The refractive indices used for the simulations were n 900 GaAs = 3.591 [16] and n 900 Al 0.2 Ga 0.8 As = 3.421 [17] . Assuming either the transverse electric (TE) or the transverse magnetic (TM) optical polarizations at the input waveguide, we tracked the intensity of the optical field throughout the device. The effects of the SAW modulation is included by modifying the effective refractive index of the MWGs according to Eq. ( 2). 
Sample and device fabrication
The device was fabricated on a sample grown by molecular beam epitaxy on a (100) GaAs substrate. The sample consists of a 1500-nm-thick Al 0.2 Ga 0.8 As cladding layer capped by a 300-nm-thick GaAs guiding layer. The modulators were fabricated in two steps using contact optical lithography. First, Ti/Al/Ti IDTs in a split-finger configuration for efficient SAW generation were fabricated using a lift-off process [18] . These IDTs were designed for λ SAW = 5.6 μm (with finger width and spacing of 700 nm), which corresponds to a resonance frequency of approximately 520 MHz. A second step of plasma etching was then employed to create 465-nm-deep grooves delimiting the ridge WGs. The length of the MWGs in the active region is = 120 μm, as determined by the IDT aperture. The MWGs width was chosen to be 900 nm, which is much smaller than λ SAW , ensuring a constant amplitude modulation through the WG width while allowing for reliable fabrication using contact optical lithography and etching techniques. The separation between the center of the MWGs was set to be 1.5λ SAW . The width and length of the splitter MMI are 7 μm and 110 μm, respectively, while for the combiner MMI, the width is 6 μm and the length is 314 μm. Details of the fabricated devices can be seen in the photographs shown in Figs. 3(a)-3 A polarizer is used to filter the TE or the TM modes. A multi-mode fiber placed at the image plane selects the light from one of the OWGs for detection by a photomultiplier tube (PMT) synchronized with the RF signal that generates the SAWs. In order to obtain synchronization (sync.), the signal from the RF generator (RF gen.) is sent to a splitter (spl.) in a way that 50% of the signal has its frequency divided by 10. This is necessary to keep the trigger within the operational frequency range of the time-correlated single photon counting (TCSPC) module. The other half of the signal goes through a controllable attenuator (att.), a fixed-gain amplifier (ampl.) and then drives the interdigital transducer.
Experimental setup
The device was optically characterized by coupling light into the input WG using a tapered fiber whose tip has the form of a cylindrical lens (Fig. 1 ). An overview of the experimental setup is illustrated in Fig. 3(d) . As light source, we used a tunable Ti:Sapphire laser operating at ≈ 0.9 μm pumped by a 532 nm diode laser. The fiber was mounted on a X-Y-Z stage, allowing for an accurate positioning relative to the input WG edge. The transmitted light was reflected by a right angle mirror facing the edge of the OWGs. The light was then collected by a long working distance 200× Mitutoyo microscope objective focused on the device edge [cf. Fig. 3(c) ] and coupled to an optical fiber. The large objective magnification allows for the spatial selection of the individual OWG to be measured. The propagation of TE or TM modes was filtered by a linear polarizer placed before the coupling to the output fiber. As detector, a microchannel plate photomultiplier tube (PMT) with a time resolution of 300 ps was employed. In order to grant synchronization with the detector, the RF-signal from the generator was first split. One half passed through a controllable attenuator, a fixed gain amplifier and was then used to drive the IDT. The second half was first divided by 10 (in order to be within the frequency range of the electronics of the detector controller) and then used to trigger the detector. Figure 4 shows results obtained for transmission through both OWGs of light with TE polarization (similar behavior was observed for TM polarization) for different P IDT . The total transmission is normalized to 1. At small P IDT values [ Fig. 4(a) ] a very weak modulation is observed with both OWGs transmitting near 50% of the total light. As P IDT raises, the modulation becomes stronger, reaching a peak-to-peak amplitude of approximately 1 in our experiments, for P IDT = 14 μW [see Fig. 4(b) ]. After the modulation reaches its maximum, the appearance of higher harmonics becomes evident [ Fig. 4(c) ]. For P IDT = 96 μW the light modulation is dominated by the third harmonic [ Fig. 4(d) ]. This can be better appreciated by performing a fast Fourier transform (FFT) analysis of the obtained experimental results. Figure 5 shows the FFT coefficients for the first three harmonics (h1, h2, and h3, respectively) of the time resolved experimental data (as a function of √ P IDT , upper scale) as well as for the simulations (as a function of δ n eff , lower scale). The phase difference between the OWGs was found experimentally to be ( 1), we determined that a P ≈ 13×10 −2 rad/ √ mW , which is a factor of 2 larger than that obtained in Ref. [7] for a single, SAW-modulated, MachZehnder interferometer. In general, there is a very good agreement between the measurements on the fabricated device and the simulations for the idealized case. It is clear from Fig. 5 that both the h1 and h3 intensities, although slightly smaller than that predicted, follow almost perfectly the calculated trend. Furthermore, the vanishing of h1 close to δ n eff = 3 × 10 −3 is very well reproduced by the simulations. The presence in our experiments of a larger h2 than expected is attributed to asymmetric imperfections in the fabrication process. In addition, the values obtained in the measurements of h3, which has an oscillation period of ≈ 600 ps, are substantially limited by the time resolution of 300 ps. This explains the reduced values for the FFT coefficients for h3 shown in Fig. 5 as well as the low amplitude of the time response trace of Fig. 4(d) . 
Results

Conclusion
In conclusion, we have realized a SAW-driven photonic modulator based on a MZI that operates in the GHz frequency range. The device delivers the continuous-wave input light to two, 180 • -dephased, synchronized output ports, whose frequency and amplitude response can be tuned by varying the acoustic power. In particular, the operational frequency of the device can be adjusted to be an odd multiple of the fundamental frequency driving the SAWs. Another advantage of our approach is that the very large phase coherence of the SAWs allows for the control of multiple devices with the same SAW, a feature that is beneficial for integration in more complex architectures.
